Objectives: Bipolar disorder (BP) is a debilitating psychiatric disease that is not well understood. Previous diffusion magnetic resonance imaging (dMRI) studies of BP patients found prominent microstructural white matter (WM) abnormalities of reduced fractional anisotropy (FA). Because FA is a nonspecific measure, relating these abnormalities to a specific pathology is difficult. Here, dMRI specificity was increased by free water (FW) imaging, which allows identification of changes in extracellular space (FW) from neuronal tissue (fractional anisotropy of tissue [FA-t]).
| INTRODUCTION
Bipolar disorder (BP) is a chronic, debilitating disorder that affects between 2 and 3% of the world's population . However, despite years of research to better understand the symptoms of BP and how to prevent onset, little is known about the etiology of the disorder.
Neuroimaging has proven to be a useful tool for the identification of anatomical abnormalities in the brain that could provide insight into the underlying pathophysiology of BP. Previous structural imaging findings in patients with BP have shown reductions in gray matter density in the frontal lobe and in areas responsible for emotional processing when compared to controls 4 . Diffusion magnetic resonance imaging (dMRI) and specifically diffusion tensor imaging (DTI) studies in patients with chronic BP have shown a decrease in fractional anisotropy (FA) in the corpus callosum [5] [6] [7] , anterior limb of the internal capsule 8 and anterior corona radiata 5, 9 , indicating that the "integrity" of white matter connections within these regions is abnormal. Further studies of patients with BP have found decreased FA specifically in anatomical regions involved with cognitive, emotional, and behavioral regulation that are present from early on in the course of disease 10 . Lower FA in orbitofrontal and subgenual white matter in BP has also been related to dysregulation of affective systems and impulsivity symptoms
11
. Interestingly, a comparison study of schizophrenia (SZ) and BP found that there was a significant decrease in FA in the uncinate fasciculus, anterior limb of the internal capsule, and anterior thalamic radiation in both groups when compared to controls; however, when directly comparing patient groups there was no significant difference 8 . Previous research has also found decreased FA in prefrontal white matter tracts in a sample of medication-naïve adolescents who recently experienced their first episode of mania, suggesting that there are microstructural differences present even at the onset of disease
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. Despite these numerous findings, it is difficult to relate these abnormalities to a specific pathology. . Based on these findings, it can be hypothesized that there will be parallel, yet less severe findings with the FW imaging method in patients with chronic BP. Specifically, we hypothesize that there will be FA-t reductions in patients with chronic BP that are less severe than reductions previously reported in chronic SZ.
In this first study to utilize FW imaging in BP, we aimed to provide greater biological specificity of the underlying white matter changes that mediate chronic BP and thus provide a better understanding of severe mental illness.
| MATERIALS AND METHODS
All patients were recruited from community-based clinics and psychi- Each scan was visually checked to ensure image quality and to exclude cases with severe motion artifacts, dropped signals, or portions of the brain that were out of view. All scans were corrected for motion and eddy currents. A motion parameter was calculated so that it could be included as a covariate in the statistical analyses
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. One scan of a control participant had a motion parameter > 2 standard deviations from the mean and was omitted. Tensor masks were created for each scan using 3D Slicer software (http://www.slicer.org), followed by manual editing to exclude non-brain areas.
FW imaging analysis was then applied to all corrected diffusion weighted images using the methods described previously in Pasternak and colleagues
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. As mentioned earlier, with this method the diffusion signal is deconstructed into two components and is represented with two maps: a voxel-wise map representing the fractional volume of extracellular FW and a voxel-wise map of the FA of "tissue" (FA-t).
A conventional DTI FA map was also estimated from the corrected diffusion weighted images. . Group differences were considered significant at P < .05.
Pearson correlations were conducted to analyze the relationship between positive and negative symptom scores from the PANSS and FA, FA-t, and FW values.
| RESULTS
Healthy controls were significantly younger than patients with BP (t[28] = −2.81, P < .01). See Table 1 . There were no other known significant differences between groups. 
| DISCUSSION
The In sum, the present study's findings are consistent with those of previous studies, and thus fit into the classical presentation of BP symptomatology. In addition, the FW imaging method utilized here points to a possible biological source of observed differences, such as increased neuroinflammation, cerebral edema, or atrophy in the brain of patients with chronic BP, rather than compromised white matter tissue. However, neither the present study nor previous studies have found a strong correlation between changes in diffusion signal and clinical presentation. This could be due to the fact that the samples in these studies were too small or heterogeous, or that our observations F I G U R E 2 Increased free water in bipolar disorder compared to controls. Increased free water (P < .05) is represented by blue significance clusters that were corrected for voxel-wise multiple comparisons using Randomise's threshold free cluster enhancement. The clusters are overlaid on a white matter skeleton, shown in green. Significant increases were widespread and were found when comparing patients with bipolar disorder to controls primarily in the corpus callosum, bilateral posterior limb of the internal capsule, bilateral corona radiata, bilateral external capsule and bilateral superior longitudinal fasciculus [Colour figure can be viewed at wileyonlinelibrary.com]
Increased Free Water
White Matter Skeleton F I G U R E 3 Average whole-brain free water (FW) by group. The average FW level is plotted for each participant in the study. FW is indicating the fractional volume of water molecules that diffuse freely in the extracellular space (ranging between 0 and 1) and may indicate changes caused by neuroinflammation, atrophy, or cerebral edema 16 . Chronic bipolar disorder (BP) patients had a significantly higher average FW when compared to controls (P < .05), suggesting that there may be greater extracellular change in patients with chronic BP [Colour figure can be viewed at wileyonlinelibrary.com] reflect generalized phenomena, rather than localized connectivity disruption. However, because it is unknown whether patients with BP were in the manic, depressive, or euthymic phase at the time of scanning in this study, it is difficult to draw definitive conclusions. Further research is needed and should record the state of patients at the time of the scan (i.e., whether patients are experiencing mania or depression) so that FA, FW, and FA-t values can be better interrogated.
Despite the numerous similarities between SZ and BP previously mentioned, there are differences that will help to distinguish the possibility of differential pathology. The effect of medication is one specific piece of evidence that will help to identify these alterations. For example, when patients with SZ were prescribed lithium, the gold standard drug for BP, there was no change in symptoms when they were prescribed the drug alone in comparison to placebo . To minimize the effect of motion, this study had strict inclusion criteria regarding motion artifacts, and motion was quantified and used as a covariate in the analysis in order to control for this limitation.
While there is evidence that increased FW may symbolize greater neuroinflammation in the brain, it is possible that there are alternative interpretations of what this measure signifies. FW could be related to tissue loss, which would increase the amount of extracellular space and would be expected to be more prominent in older subjects. However, in an analysis of DTI tractography in healthy subjects aged 5-83 years, Lebel and colleagues 48 showed that there is not a great amount of change in FA in the age range that this study utilizes. It is therefore unlikely that FW is related to tissue loss or aging because gray matter tissue loss in patients with BP generally tends to be more focal, as seen in the meta-analysis of voxel-based morphometry studies by Selvaraj and colleagues
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, and not as widespread as the findings presented here. To account for the potential impact of age, we included it as a covariate in our statistical analyses. It would be expected that white matter tissue loss would be more readily represented by the FA-t component, for which we saw no difference in this analysis.
This study utilized FW imaging to investigate microstructural white matter abnormalities and the underlying pathophysiology of chronic BP. We found that patients with BP displayed a decrease in FA mediated by an increase in FW, indicating that extracellular FW pathology, which could be related to neuroinflammation, is evident in chronic stages of BP. This finding could lead to possible new treatment methods and therapeutic interventions. This study can be used as a building block for more research into the underlying pathophysiology of BP because it was the first time FW analysis was used in BP and suggests that previous findings of FA decrease in patients with chronic BP could be due to extracellular water pathology. While more research is needed for greater clarity regarding the relationship between diffusion abnormalities and disease progression, this study complements previous research and provides promising insight into the pathophysiology behind severe psychiatric disease.
